Although folate receptors (FRs) mediate folate uptake into cells, the independent role of FRs in cell proliferation remains unclear. We tested the hypothesis that transduction of FR cDNA in sense or antisense orientation using recombinant adeno-associated virus modulated FR expression and altered proliferation of cervical carcinoma cells (which constitutively overexpress FR genes). We determined that the integration of recombinant adeno-associated virions was not site specific. 
Introduction
The essential role of intracellular folates in one-carbon metabolism is well established (1) . In the past decade, we and others demonstrated that the mechanism of cellular entry of physiologic folates into normal and several malignant cell lines in-which are anchored to the membrane by glycosyl-phosphatidylinositol (GPI) anchors (reviewed in references 2-4). Earlier, we also showed that the interaction of anti-FR IgG with FRs on hematopoietic erythroid, myeloid, macrophage, and megakaryocytic progenitors led to a profound stimulatory effect on cell proliferation that was independent of anti-FR antibodymediated induction of megaloblastosis and intracellular folate deficiency (5, 6) . Thus, these data suggested a role for FRs in constitutive control of proliferation from one of two possibilities: either the antibody perturbed a normal inhibitory role of the FRs on cell proliferation, or alternatively, the antibody accentuated a normal function of the FRs in constitutive stimulation of cell proliferation (4) . In either case, an important issue is whether FRs have a similar role in malignant cells.
Recent studies documented alterations in cell proliferation following transfection of sense FR cDNA into cells that do not constitutively express FRs (7) (8) (9) (10) . Thus, transfected cells exhibited greater proliferation and survival when compared with controls. Because proliferation of transfected cells was assessed in low extracellular/physiologic (nanomolar) folate concentrations, it is unclear whether these findings were caused by the independent effects of (a) a greater concentration of intracellular folates accumulated by FR cDNA-transfected cells (which prevented folate-deficient cell death), (b) a proliferative signal generated at the level of the FRs per se, or (c) a combination of both.
One approach to begin to sort out these possibilities is to introduce FR cDNA into cells in a sense or antisense orientation and determine the functional consequences of over-and underexpression on cell proliferation at micromolar extracellular folate concentrations, which allows passive diffusion of folic acid intracellularly ( 11) . However, rather than transfection, we wished to transduce FR cDNA after its encapsidation into an infectious virion in anticipation that in vitro data may eventually be translated in vivo (12) .
A wild-type (wt) nonpathogenic human parvovirus (13), the adeno-associated virus 2 (AAV), integrates into the host genome by recombination between inverted terminal repeats (ITRs) of AAV and host DNA (14) (15) (16) (17) . Although earlier studies demonstrated random integration of recombinant AAV [(r)AAV] into the human genome, two groups recently identified site-specific integration of the wt-AAV genome into human chromosome 19q13-qter (18) (19) (20) , while another identified integration into chromosome 17q (21) . Therefore, AAV-based vectors have the potential for safe and efficient use in human gene therapy (14) (15) (16) (17) , and recent studies involving the introduction of physiologically relevant genes have been published (22) (23) (24) .
Accordingly, we employed (r)AAV (which retained only ITRs of wt-AAV) to transduce sense/antisense FR cDNA into cervical carcinoma cells, which constitutively overexpressed FRs even while growing in micromolar extracellular folate concentrations. Using this model, we specifically addressed three questions: (a) Is site-specific integration retained in our (r)AAV? (b) 
Methods

Materials
All cell culture media, sera, antibiotics and other additives, PBS, as well as Escherichia coli DHIOB-competent bacteria, were obtained from GIBCO BRL (Gaithersburg, MD). Restriction endonucleases, T4 DNA ligase, the in vitro transcription kit, and fluorescein isothiocyanateconjugated goat anti-mouse IgG, and (r)GPI-specific phospholipase C (GPI-PLC) were Plasmids and viruses pc32, a pUC 8 plasmid containing full-length human FR cDNA (25) , was a generous gift from Dr. P. C. Elwood (Medicine Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD). pAAV/ NEO and pAAV/Ad, a helper plasmid containing AAV genes necessary for replication (26) , were generously provided by Dr. R. J. Samulski (University of North Carolina, Chapel Hill, NC). pTwu.Gl (27, 28) was a kind gift of Dr Construction of (r)AAV containing FR cDNA in the sense orientation (pBARS) and in the antisense orientation (pAnti-BARS) ( Fig. 1) All recombinant DNA methods were as described (36) . Construction of pBARS. 
Preparation of recombinant virus stocks
DNA rescue/replication assays (26, (37) (38) (39) of pBARS and pAnti-BARS identified the following optimal conditions for preparation of RVS: 10 plaque-forming units of Ad2, 2 ug AAV/Ad, 2 ug pBARS or pAnti-BARS, and incubation of cells in 1 ml transfection media for 30 min followed by culture for 60 h. Recombinant virus stocks (RVS) prepared from pBARS (RVS-BARS) and pAnti-BARS (RVS-Anti-BARS) were quantified before use, as described (26, 37) .
Transduction and selection of geneticin-resistant cells
After washing 70% confluent cells three times with 10 ml PBS/wash, cells were infected with RVS-BARS or RVS-Anti-BARS at 370C for 1 h as described (26) . After cells were cultured at 370C for 48 h, fresh medium containing 400 jsg/ml of G418 (active concentration) was added and mixtures of G418-resistant colonies appearing by 14 d were allowed to grow to confluence. Additional cell lines derived from single cell clones using terminal dilution in 96-well plates were also obtained. Because our (r)AAV was not purified, the calculated efficiency of transduction of 1-2% (data not shown) is a gross underestimate, because the ratio of defective to infectious virions has been estimated to be between 20:1 and 200:1 (16 nonspecific radioligand binding, respectively) was added and the mixture was incubated for 2 h. Cells were then washed four times with PBS to remove unbound radioligand. After verification of complete removal of unbound radioligand, 1 ml 5 M NaOH was added, and the entire sample was analyzed for radioactivity, as described (30) . In addition, two wells of each cell line were used to determine mean cell counts. Scatchard analysis was also carried out on intact untransduced, sense, and antisense cells, as described (41) .
Studies on total FRs from solubilized cells. Total cellular [3H]-
PteGlu binding to FRs was determined as follows: cells were washed with 10 ml PBS, harvested with PBS/10 mM EDTA, and centrifuged at 1,000 g for 10 min. The pellets were solubilized in 1 ml PBS/5 mM EDTA/1% Triton X-100/0.05% Na azide, at 4°C overnight (30) . To dissociate FR-bound endogenous folates (42) , all samples were sequentially dialyzed (with dialysis buffer changes every 12 h) against (a) 4 liters 50 mM Na acetate-acetic acid (pH 4.5)/0.05% Na azide/10 mM EDTA/l% Triton X-100 for 3 d; (b) 4 liters 100 mM potassium phosphate (pH 7.5)/1% Triton X-100/0.05% Na azide, for 1 d; and (c) 4 liters 10 mM potassium phosphate (pH 7.5)/1% Triton X-100/0.05% Na azide, for 1 d. After centrifugation (30,000 g for 30 min), the supernatant was saved for protein determination and 100 Il was incubated with 44 pmol [3H]PteGlu for 45 min at 37°C before application over a calibrated 1 x 10 cm Sephacryl S-200 gel filtration column (Spectrum Medical Industries, Houston, TX), which was equilibrated and eluted with 10 mM potassium phosphate (pH 7.5)/1% Triton X-100/0.05% Na azide at 22°C. Fractions of 580 .l were collected and counted for radioactivity. 
Cell proliferation in vitro and in vivo
Cloning efficiency and colony size was determined as follows: 500 cells were plated on each of three 60 X 15-mm dishes with 3 ml MEM containing 10% FCS at 370C in 5% CO2. 1 wk later, cells were fixed on the dishes and stained (Accustain; Wright-Giemsa; reference 5). The number and mean diameter of each colony (from one of three dishes randomly chosen) was determined under microscopic visualization as described (5) by measuring the widest diameter of each colony at perpendicular axes and dividing the result by 2.
To determine the proliferation of each of the cell lines cultured in MEM containing 10% FCS, 104 cells in triplicate were plated in either 60 x 15-mm plates (fed with 3 ml media) or 100 x 20-mm plates (fed with 10 ml media). For cells cultured in MEM containing 2% FCS, 105 cells were plated in 24-well plates containing 2 ml media. After various days in culture, cells were trypsinized and counted in a Coulter counter (6) and assayed for protein (43) . As a routine, before cells were counted, they were visualized under light microscopy to ensure they were single cell suspensions.
The doubling time (44) (45) . After the mice were killed on day 25 after transplantation and tumors removed in toto, internal organs were examined for metastasis. One aliquot of each tumor (one from each of four mice for each cell-derived tumor) was embedded in paraffin, sectioned, stained (with hematoxylin-eosin), and evaluated histopathologically. Another aliquot of tumor tissue was homogenized with 2 vol (vol/wt) 10 mM potassium phosphate, pH 7.5, using a Dounce homogenizer. After two centrifuge wash cycles (30, To analyze the pattern of integration of (r)AAV, the following studies were performed: (a) Based on the restriction map of (r)AAV (Fig. 3 G) (b) Based on restriction maps of (r)AAV, PstI has five sites for cleavage in pBARS and pAnti-BARS; only one site for cleavage was not common (Fig. 3 G) . Thus, if integration of (r)AAV was site specific, after cleavage with PstI and use of 32P-labeled neoR, there would only be three signals for either sense cells (0.9 and 1.2 kb, and another of unknown size) or antisense cells (0.9 and 2.1 kb, and another of unknown size). However, with 32P-labeled neoR DNA (Fig. 3 C) , we obtained only two clear bands that in sense cells were 0.9 and 1.2 kb and in antisense cells were 0.9 and 2.1 kb. Thus, in both sense and antisense cells, the missing signal was likely related to that portion of the neoR gene that was between the integrated virion DNA and the next expected PstI site in the genome. Again, the lack of detection of the flanking sequence could be a function of dilution of each of the flanking DNA sequences from individual transduced cells, which would not be the same size under conditions of random integration of (r)AAV (i.e., these signals would be too weak to be detected). In fact, when films were exposed for 2 and 3 d (Fig. 3, D and E PstI-digested DNA from untransduced, sense, and antisense cells (Fig. 3 F) . This suggested that (a) there was only one DNA region corresponding to rff-DNA in our cells, consistent with karyotypic analysis of HeLa-IU, cells that identified only two copies of chromosome 19; and (b) this region was not disrupted during integration of (r)AAV, consistent with the conclusion that the locations of integration of (r)AAV and wt-AAV were not the same. In support of this premise, when Southern blots in Fig. 3, A and B, were re-probed with 32p_ P S P S P S P S P S PS (-) GPI-PLC (+) GPI-PLC labeled rff-DNA, each single cell-derived clone had a single -6.5-kb signal corresponding to the rff-DNA as noted with untransduced cells (data not shown). Thus, the rff-DNA-related DNA region was not disrupted in single cell-derived clones. Together, these data strongly suggested that AAV ITRs alone could not direct site-specific integration of (r)AAV.
Modulation of FR expression at the mRNA level in transduced cells. Northern blot analysis was carried out to determine if integration was followed by transcription of exogenously introduced genes (Fig. 4, a-d (Fig. 4 c) identified that endogenous FR expression in antisense cells was comparably reduced to that revealed with the doublestranded FR cDNA probe (Fig. 4 b) ( 11) . Therefore, to isolate and resolve the independent effects of FRs on cell proliferation, we determined the doubling time of sense and antisense cells under conditions where the potential regulatory variable of extra-and intracellular folate content on FRs was eliminated. This was achieved using suprapharmacologic extracellular folate concentrations (2.3 MM folic acid) in the growth medium, which ensured passive diffusion of folate into cells independent of FR expression (53) .
When 500 cells were plated and the colonies enumerated 1 wk later, untransduced, sense, and antisense cells had 172±13, 184±14, and 189±9 colonies/dish, respectively (Fig. 5) . Thus, the cloning efficiency, and therefore the viability of each of the cell lines, was not significantly different from one another, a fact that is importance to the interpretation of results on the doubling time of these cells (see below). The mean diameters of colonies from untransduced, sense, and antisense cells were 0.519+0.16 mm, 0.393±0.108 mm, and 0.524±0.158 mm, respectively. Thus, sense cell colonies were significantly smaller (P < 0.001) when compared with untransduced or antisense cells, which were similar to one another.
There was apparently no major difference in cell proliferation when the transduced cell lines were propagated in MEM with 10% FCS for periods of < 3 d. However, when the time of cell passage in culture was extended beyond 6 d (Fig. 6 A) or the concentration of FCS in MEM was decreased from 10 to 2% (Fig. 6 B) , sense cells proliferated more slowly (P < 0.01) when compared with either untransduced cells or anti-AA V-mediated Gene Transfer of Folate Receptors Figure 5 . Cloning efficiency, colony size, and light microscopic analysis of (A and B) untransduced, (C and D) sense FR cDNA-transduced, and (E and F) antisense FR cDNA-transduced cells. A total of 500 cells from each cell line were plated, and colony number and size were enumerated 1 wk later as described in Methods. The original microscopic magnification for the panels on the right was xlO. sense cells, which had similar proliferative rates to one another. Cell counts per dish were also verified by measurement of the total protein content per dish. On day 6, the protein content of sense cells was lowest (Fig. 6 A, with untransduced cells, all three single cell-derived clones from sense cells had comparably slower rates of proliferation, while the three single cell-derived clones from antisense cells were similar to the untransduced cells (Fig. 6 C) . Thus, insertional mutation was an unlikely explanation for altered proliferation of sense cells.
To verify that in vitro data were not simply a unique function of cell culture conditions, the same number of randomly chosen, single cell clone-derived cells from each cohort were transplanted into nude mice (4 mice/cell line). After 1 wk, all mice exhibited single visible tumors. The sizes of the antisense cellderived tumors were similar to those from untransduced cellderived tumors throughout the period of analysis (Fig. 7) . From day 11, however, when compared with the tumors derived from antisense cells, the tumors from sense cells were smaller (P < 0.01). In addition, antisense cell-and untransduced cellderived tumors exhibited a tumor doubling time of 96.0 h, whereas this value was 225.6 h in sense cell-derived tumors. The pictures (Fig. 7, right) are of representative mice on day 25 after transplantation with various cells indicated. The small tumor masses derived from sense cells clearly contrast with the larger tumors from antisense and untransduced cells. Histopathologic analysis revealed no gross cellular changes in tumors from all three cell lines, and there was no evidence of remote or recent hemorrhage within tumors (which could account for a greater tumor volume during external tumor measurements in vivo). In addition, examination of major internal organs (lungs, heart, liver, spleen, kidney, and intestines) revealed no metastases that could account for reduced tumor cell mass at the primary injection site. Therefore, the increase in tumor volume and weight in untransduced and antisense cells when compared with sense cells was a result of a true increase in cells within the tumors. Thus, the prolonged cell doubling time identified in vitro in sense cells also led to a 2.4-fold increase in tumor doubling time in vivo when compared with antisense and untransduced cell-derived tumors.
To verify that the transplanted cells continued to express FRs, the folate-binding capacity of FRs solubilized out of tumor tissues was determined. On day 25, folate-binding capacity of sense, antisense, and untransduced cell-derived tumor tissue was 83.10±18.44, 40.46±14.85, and 13.87±2.66 pmol/mg protein, respectively. The difference between sense versus untransduced or antisense cell-derived tissues was significant (P < 0.01 and P < 0.05, respectively). The results of antisense cell-derived tissues compared with untransduced cells was also significant (P < 0.05), which together with the twofold increase in FRs in sense versus antisense cells was comparable with that determined in vitro (Table I and Fig. 4, e) .
Formal analysis of the relationship between cell proliferation and FR expression. A total of 36 cell lines derived from single cell clones (6 from untransduced cells, 15 from sense cells, and 15 from antisense cells) were used to test the hypothesis that there was an inverse relationship between cell proliferation and FR expression (Fig. 8) . Not unexpectedly, all six untransduced cell clones exhibited comparable cell proliferation and FR expression (P = NS). However, when the data points from sense FR cDNA-and antisense FR cDNA-transduced cells were combined, there was a highly significant inverse relationship between cell proliferation and FR expression (r = 0.90, P < 0.001, n = 30). When the data points from sense cells were combined with those from untransduced cells, the correlation coefficient also indicated a significant value (r = 0.82, P < 0.001, n = 21); even with the data comparing antisense and untransduced cells, an r value of 0.52 (P < 0.05, n = 21) was obtained. Finally, when data from all 36 cell lines were combined, the overall correlation coefficient value was still highly significant (r = 0.85, P < 0.001). Thus, when viewed from several angles, these data consistently led to the unambiguous conclusion that there was an inverse relationship between FR expression and cell proliferation in these cells.
Discussion
Integration of (r)AAV. Since our (r)AAV only retained ITRs of wt-AAV, we determined if they would direct site-specific integration. The results suggested random integration of (r)AAV into the genome of HeLa-IU1 cells at the molecular level based on gene mapping (by Southern analysis). Although chromosome-specific integration implies a region in genomic DNA (consisting of several kilobases) wherein AAV can dock into one of several available sites (19, 20) , signals generated by 32P-labeled rff-DNA suggested that docking sites for integration of (r)AAV were not the same as wt-AAV. A trivial explanation for random integration (related to lack of chromosome 19 in our cells) was ruled out by results of hybridization with chromosome 19-specific rff-DNA probe and karyotype analysis. Thus, compared with earlier reports supporting site-specific integration of wt-AAV (17-20), our data suggested that ITRs alone are insufficient to direct site-specific integration of (r)AAV in HeLa-IU1 cells. This could be because there are some unique DNA sequences in wt-AAV that are required for site-specific integration of AAV. Therefore, use of several combinations of (r)AAV, which retain various structural or functional DNA sequences of the wt-AAV genome, are necessary to pursue this issue. Another possibility to explain these differences is related to the number of passages of cell lines after transduction. In earlier studies (18) (19) (20) (21) , cell lines were cultured for a long time (measured in years) after transduction with AAV before analysis for the pattern of integration; in contrast, we analyzed our G-418-resistant clones less than 10 mo after transduction, and in some experiments, the analysis was carried out in 2 mo. Thus, it is possible that over long periods in culture, some cell clones containing random integrated virions were lost, leading to a selection bias to explain those observations. Expression and regulation ofFRs. (Fig. 8 ) when compared with earlier data (Table I ) (the interval between the performance of studies leading to the data in Table I and Fig. 8 was -2 (4, 11, 29) (i.e., reduced cell proliferation with up-regulation of FRs secondary to reduced extracellular folate concentrations), the present data suggest a simple model where these two apparently opposing (growth-promoting and growthinhibiting) functions of FRs could serve as a balance. In such a hypothetical model, the up-regulated FRs in response to extracellular folate deficiency could serve to check proliferation of cells by moving them into the resting phase of the cell cycle; this could serve to blunt the folate requirements of the cells during nutrient deficiency. Conversely, with nutrient (folate) excess in the extracellular fluid, down-regulation of FRs could concomitantly serve to release the normal inhibitory effects of FRs on cell proliferation, thereby leading to a permissive state for cell proliferation.
Although studies are underway to test the validity of this model, we stress that this hypothesis may have limited application for cells that exhibit reduced cell proliferation during FR up-regulation; this is because previous reports with KB cells (11, 55 ) (11, 55) advises caution against extending this hypothesis to all cells. Factors that can explain differences in cell proliferation in response to the extracellular folate concentration may be because (a) the KB cells used earlier (11, 55) were actually a mixture of KB plus HeLa cells (31, 32) , whereas we used cloned cells that had prominent HeLa cell (but no KB cell) markers; and (b) the "KB" cells used earlier (11, 55) are probably not GPI anchored based on biosynthetic labeling studies (56), whereas our HeLa-IU, cells contain GPI-anchored FRs consistent with an earlier report for the FRs of "KB" cells (57) . Nevertheless, if there was indeed an inverse relationship between FR expression and hematopoietic progenitor cell proliferation (in response to a reduction in extracellular folate concentrations), this would imply that the earlier observed increase in cell proliferation following interaction of hematopoietic progenitor cells with anti-FR antibodies (5, 6) may have been through neutralization or reversal of the constitutive inhibition of cell proliferation by FRs. Together, the present studies and recent reports (58-60) that exploit the FR-mediated endocytotic pathway for delivery of folate conjugates (toxins or liposomes) into malignant cells (which constitutively overexpress FR) suggest that sense cells would proliferate more slowly and yet take up more folate conjugates. Thus, it is possible that there may be a role for direct injection of (r)AAV containing sense FR cDNA either into similar malignant tumors or into various compartments (such as the pleural, peritoneal, and meningeal spaces) containing these cells, or even by topical application of (r)AAV on diseased epithelial cells (of the skin or mucous membranes) with the intent to effect a modulation of FR expression; subsequent therapy with antifolates or toxic folate conjugates could increase cell kill of transduced cells.
